Abstract-A submicron thick and defect-free palladium-silver (Pd-Ag) alloy membrane is fabricated on a supporting microsieve by using microfabrication techniques. The microfabrication process also creates a robust wafer-scale membrane module, which can easily be inserted into a membrane holder to have gas-tight connections to the outer world. The microfabricated membrane demonstrated high separation fluxes of up to 4 mol H 2 m 2 s with a minimal selectivity of 1500 for hydrogen over helium (H 2 He) at 450 C and 83 kPa H 2 retentate pressure. The present membrane has great potential for hydrogen purification and in applications like dehydrogenation chemistry. In addition, the presented technology can be used to fabricate other kinds of ultrathin but strong and defect-free membranes to set up new applications.
challenges that confront society today are expected to become solved: 1) reducing our dependence on petroleum and fossil resources, and 2) reducing greenhouse gas emissions. Although many technological and economical challenges remain to be solved still, it has been predicted that hydrogen will be used as one of the major energy carriers in coming decades [2] , [4] , [6] .
Although the most abundant element in the universe, on Earth hydrogen is mostly found in chemical compounds. Molecular hydrogen is produced from sources like water, biomass, or fossil fuels. Chemical reactions are therefore necessary to break apart the hydrogen bonds in these compounds and release the hydrogen; in doing so generally a multicomponent gas mixture is formed. To have hydrogen with high purity for the end-uses, the gas mixture is treated with several separation techniques, like pressure swing adsorption or filtration using of porous or nonporous membranes [2] . Among these methods, separation and purification of hydrogen by means of dense palladium (Pd)-based membranes is of great importance and interest, because the technology is able to provide a high hydrogen separation flux with very high selectivity [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . In most cases, Pd is alloyed with silver (Ag) to overcome the well-known problem of hydrogen embrittlement [7] [8] [9] .
The existing Pd-based membranes can be mainly classified into two types, according to the structure of membrane: 1) selfsupporting Pd-based membranes and 2) composite structures composed of thin Pd-based layers on porous supports. Most self-supporting Pd-based membranes are commercially available in the form of tubes or foils, fabricated by fine metallurgical methods. These membranes have an adequate mechanical strength and are available in forms that are easily integrated into a separation setup. They are, however, relatively thick (50 or more) [10] , [11] . The hydrogen flux, being inversely proportional to the thickness of the membrane, through such membranes is therefore limited. Besides this, thick Pd membranes are expensive, inhibiting their application for large-scale chemical production. For practical use, it is therefore necessary to develop separation units with a reduced thickness of the Pd layer.
In the last decade, a substantial research effort has been carried out to achieve higher fluxes by depositing thin layers of Pd or Pd alloys on porous supports like ceramics or stainless steel [12] [13] [14] [15] [16] [17] [18] [19] [20] . This method has turned out to be feasible, however to make submicron thick, defect-free separation membranes is difficult, due to the fact that commercially available porous supports are likely to be supplied with imperfections like particulates on the substrate, nonuniformities in pore size, etc. Due to this, the metal films do not cover up the supports completely [13] , [14] , [18] , [19] , [21] . For instance, Roa et al. deposited a 10 thick Pd-Cu film on a porous -alumina (nominal pore size of 5-50 nm) and reported that their membrane was not defect-free due to the imperfections of the initial supports [19] . Because of hydrogen molecules is small, the presence of only a few defects (for example, a total defect diameter of 0.5 of membrane surface) already significantly deteriorates the membrane selectivity.
An additional problem is that in order to have adequate mechanical strength, relatively thick porous supports have to be used, of the order of a few mm, which again leads to a considerably high mass transfer resistance, therewith limiting the separation flux through the membranes [17] .
Recently, using very precise techniques to repair the surface of commercially available supports [21] , [22] , in combination with deposition methods with improved pore coverage [15] , [22] , thin membranes with a reasonably high selectivity for hydrogen have been demonstrated. For instance, Nam et al. reported a selectivity above 3000 for over for a less than 2 thick Pd-Cu membrane, which was deposited by a vacuum electrodeposition method on porous stainless steel [22] . However, the reported repair procedures [15] , [22] are complicated and time consuming, which limits batch production.
To avoid the initial surface imperfections, Bredesen and Klette deposited Pd alloy films on bare, atomically smooth silicon wafers and peeled off and transferred the deposited films to other supports to form membranes [23] . However, perfect transfer is crucial to obtain defect-free, submicron thick membranes, which is not an easy task.
In conclusion, it can be said that although there has been considerable progress in the field of membrane engineering in the last decade, a method to fabricate thin and defect-free Pd-based membranes (preferably submicron thick) on supports with a low mass transfer resistance is still very desirable.
B. A New Membrane Fabrication Approach Using Microfabrication Technology
Microfabrication techniques, originally developed for semiconductor technology and extended to micro-electromechanical systems [24] , are increasingly used in different fields of chemistry and biotechnology [25] [26] [27] [28] [29] . By a combination of miniaturization and integration of components like sensors (e.g., for temperature and flow), heaters, mixers, valves, pumps etc. into one system, microchemical systems have been developed that have capabilities exceeding those of conventional systems [25] [26] [27] [28] [29] [30] [31] [32] . For instance, in addition to the many already demonstrated applications in chemical and biological analysis [27] , microchemical systems are expected to have numerous advantages for chemical kinetics studies [26] or on-site toxic and hazardous chemical synthesis [28] . In all of the reported examples [25] [26] [27] [28] [29] [30] [31] [32] , microchemical devices and systems are advantageous in large part simply because they are smaller and more compact-a trend for process miniaturization [29] .
Moreover, researchers from the field of process engineering have realized that the advantages of microstructured components are not only limited to simple miniaturization, and a number of promising applications involving moderate and, in some cases, even large quantities of matter and energy have begun to emerge in the rapidly growing field of process intensification [29] . In this trend, microfabrication technology is not simply utilized to make devices smaller, but rather to improve the chemical processes-a trend for process intensification [29] .
In the last few years it has been demonstrated that microfabrication technology offers a new approach for the fabrication of thin and defect-free Pd-composite membranes [30] [31] [32] [33] . Such thin films increase the achievable flux as well as the selectivity of the membrane, and may eventually also decrease costs, if the batch fabrication potential of microfabrication technology can be exploited. In this approach, Pd alloy films are first deposited on the dense and smooth surface of microfabricated supports. Due to the surface quality, the films cover the support completely, leading to defect-free membranes later. Next, the supports are partially etched from the backside to create pathways for the gases to the Pd surface. The microfabricated supports allow the deposition of very thin films and can be made in forms that have a low mass transfer resistance. For example, Franz et al. [30] developed a microfabricated Pd membrane chip with high flux (1.6 ) and high selectivity (1800 for over ), suitable for hydrogen purification in the laboratory, where normally only a small amount of high quality hydrogen is required.
Most of the microfabricated Pd membranes reported up to now only have a limited size [30] [31] [32] , therefore they are unsuitable for the separation of high volumes of hydrogen. The study presented in this paper focuses on the fabrication of a robust wafer-scale separation module, which may be numbered up easily to create a system with high hydrogen throughput, suitable for industrial applications. In our work, submicron thick Pd-Ag membranes are made on a supporting microsieve, utilizing microfabrication techniques like thin film sputter deposition, KOH etching of silicon, dry etching of silicon nitride, and anodic wafer bonding. The microfabrication results and the membrane performance in terms of hydrogen separation flux and selectivity will be presented and discussed.
II. MICROFABRICATION OF MEMBRANE MODULE

A. Microfabrication of Pd-Ag Membranes on a Supporting Microsieve
A cross section of the Pd-Ag membrane module is shown in Fig. 1 . A Pd-Ag membrane is microfabricated on a supporting microsieve on a {110} silicon wafer ({110}-Si), then sandwiched between two thick glass wafers to form a membrane module.
The process steps to come to the Pd-Ag membrane are shown in Fig. 2 , and are as follows: a 4-inch double-side polished {110}-Si is coated with 0.2 of wet-thermal silicon dioxide and 1 of low-stress silicon-rich silicon nitride (SiN) by means of low-pressure chemical-vapor deposition (LPCVD) [34] . Parallelogram-shaped structures of 600 by 2600 [see Fig. 3 (a)] are aligned and imprinted on the backside of the wafer by standard photolithography, followed by dry etching of the SiN in a plasma and wet etching of the oxide layer using a buffered hydrofluoric acid (BHF)(step 2a). A detailed design of the parallelogram-shaped structure that can be etched into {110}-Si in a KOH solution is depicted in Fig. 3 (a) [35] , [36] .
The wafer is immersed in 25% KOH solution at 75 to etch the silicon until the layer is reached, thus forming an array of suspended bilayer membranes (step 2b). Afterwards, standard lithography and dry etching of SiN are carried out on the front-side of the wafer to pattern a microsieve with circular openings of 5 [37] on the suspended membranes. The SiN dry etching process is controlled to stop on the layer, thus creating a SiN microsieve on top of the membrane (step 2c). From hereon, we define a group of circular sieves patterned in one suspended membrane as a "microsieve segment." Although in our work the supporting structures are created by using a KOH etching of a {110}-Si substrate, such supports may also be created by using KOH etching of a {100}-Si substrate, as described in the work of Franz et al. [30] . The advantages of using {110}-Si are that due to the fact that the slow etching {111} planes that remain after KOH etching are perpendicular to the surface of {110}-Si wafers, fabrication of long but narrow supports with a high density is possible. Additionally, this type of anisotropy makes the support width, the main parameter that determines support strength [37] , independent on wafer thickness.
After KOH etching, alloy films of Pd-Ag are deposited on the flat side of the membrane by simultaneous sputtering from two pure targets, one of Pd and one of Ag (both of 99.999%; Materials Target Co.), on 20 nm of sputtered titanium (Ti) that acts as an adhesion layer. The detailed dual-sputtering procedure and the properties of the-as deposited Pd-Ag films were reported previously [33] . In the current work, we deposited Pd-Ag films with a thickness between 200 to 500 nm and a Ag content of 23 wt%.
First the and then the Ti are removed by etching with a BHF solution through the opening of the sieves to reveal the back surface of the Pd-Ag film. A cross section of the resulting Pd-Ag membrane on the microsieve segment is depicted in Fig. 3(b) . Fig. 4 is a Scanning Electron Microscope (SEM) image of a 500-nm-thick Pd-Ag membrane on the SiN microsieve. It can be seen that the Pd-Ag membrane is uniform in thickness, has a smooth surface, and seems to be defect-free.
As mentioned above, depositing the film on the planar surface of the sacrificial layer and release it later seems to be the key to obtain submicron-thick films of good quality. Additional advantages like low gas transfer resistance for hydrogen will be discussed in Section III-B.
Finally, the silicon wafer is bonded between two thick glass wafers (Borofloat; Schott Co.) by a four-electrode anodic bonding technique [33] . Before the bonding procedure, powder blasting is used to create a flow channel of 200 depth and a buffer zone of 1000 in the glass wafers [33] . The bonding process results in a tight seal between each glass wafer and the silicon wafer and creates a membrane module, which is robust enough for practical use. For example, in this form it was integrated in a stainless steel membrane holder [33] to have connections to a gas manifold and a measurement setup.
B. Membrane Area and Porosity
The width of a microsieve segment is equal to that of the designed parallelogram-shaped structure of 600 (Fig. 3) , while its length Lsg is given by [35] :
(1) In order to make the illustration in (c), the wafer membrane was broken, and part of the Pd-Ag film was peeled off from the supporting microsieve with the aid of adhesive tape.
with Lp the length and Lsf the width of the parallelogramshaped structure, and D the thickness of Si wafer. Applying (1) with , and , gives a length Lsg of 1920
. As a result, etching one parallelogram-shaped structure of 2600 by 600 through a {110}-Si wafer creates a suspended area of ca. 1920 by 600 . In the current design, the porosity of the supporting microsieve is about 20% [see Fig. 3(b) ], which corresponds to an effective area of ca. 0. 23 for hydrogen separation. Several hundreds of such microsieve segments are patterned on a 4-inch silicon wafer to create a large total membrane area for hydrogen separation. Although the porosity of the membrane in the microsieve is about 20%, due to recesses of 300 between the parallelogram-shaped structures, the real porosity of the membrane, defined here as the relative area of the Pd-Ag film that is available for hydrogen permeation to the area of the silicon wafer, is reduced to about 10%. It is possible though to design a supporting microsieve with slits instead of circular holes [36] , which may increase the microsieve porosity to 40%-50%, giving a membrane with real porosity of ca. 20%.
C. Mechanical Strength of the Membrane
The mechanical strength of the membrane depends on that of the free Pd-Ag film and on the SiN microsieve itself. These parameters are discussed in the next paragraph.
According to van Rijn et al., if a pressure difference is applied across a thin membrane, it will induce a tensile stress and a bending stress in the membrane [37] . If internal stresses in the materials are neglected, the total tensile stress in the membrane is the sum of the average tensile stress and the bending stress (2) where is the thickness of the membrane, the length of the shortest side of the membrane, and the Young's modulus of the membrane material. Equation (2) is based on the fact that the largest bending stress occurs at the edge of the membrane.
For brittle materials like ceramics or glasses, which do not possess a stress regime above the yield stress , the membrane will rupture at the yield stress. The maximum transmembrane pressure for a thin, brittle membrane is calculated by (2) with (3) For a perforated membrane, this has to be multiplied by a strength reduction factor due to the perforation [37] (4)
In the above approximate equations [see (2)- (4)] internal stresses in the materials are not taken into account. It is well known that stochiometric silicon nitride membranes fracture at relatively low pressure due to high intrinsic tensile stress of the order of 1 Gpa [38] . The intrinsic tensile stress in a silicon-rich silicon nitride membrane with thickness 1 is much smaller, ranging from to [39] . The maximum tensile stress for silicon-rich silicon nitride material fabricated in our laboratory is about before rupture occurs [34] , [37] [38] [39] . Setting (4) for the SiN microsieve resting on the silicon support with , [34] , [37] [38] [39] , , , and , we find a of ca. 3.2 bars for the present microsieve. For ductile materials like most metals, polymers and alloys, there is a linear relation between the strain and the applied stress up to . The membranes will not break when is reached, but deform. The value of calculated by (3) gives a lower limit for the maximum pressure . Experimentally, van Rijn et al. found out that is approximately one order of magnitude higher than the lower limit estimated by (3). From our previous work, we know that the as-deposited Pd-Ag films behave like a ductile material [33] , and the used data of , for the deposited Pd-Ag films worked rather appropriately [33] . Thus, setting (3) with , [33] , , , we find a lower limit of about 1 bar for the Pd-Ag film resting on the microsieve. Since it was argued above that the breaking stress for a ductile material may be up to 10 times higher than the yield stress, we anticipated that the Pd-Ag film will be able to withstand a pressure difference of 5-10 bars.
The rupture strength of the membrane at room temperature was measured in the set up that was described in [37] . Tests showed that the 500 nm thick Pd-Ag/microsieve membrane broken at a pressure difference of 4 0.5 bars. However, contrary to our expectations, in most of the mechanical tests the Pd-Ag film broke first, and not the microsieve. This may be due to the fact that the mechanical properties of thin films may be different for different deposition methods and conditions, leading to the use of inappropriate data ( and ) for the mechanical strength estimation of Pd-Ag films.
Although the rupture strength of the membrane has not been measured yet at the high temperatures at which membrane separation should be performed, the room temperature tests indicate that the microfabricated membrane are likely to be stable under the desired pressure gradient.
III. HYDROGEN SEPARATION PERFORMANCE
A. Test Setup
The permeability of the membrane was determined for and helium (He) with the experimental setup shown in Fig. 5 . Nitrogen was used as a sweep gas at the permeate side. All feed flow rates were measured and controlled with mass flow controllers (Bronkhorst High-Tec, EL-FLOW), the permeate pressure was measured and controlled with an absolute pressure controller (Bronkhorst High-Tec, EL-PRESS). The trans-membrane pressure, the pressure drop over the permeate side, and the pressure drop over the retentate side were also measured (Hottinger Baldwin Messtechnik, PD1). The and He concentrations in the permeate gas were measured by a Gas Chromatograph (GC) equipped with a Thermal Conductivity Detector (TCD) and a 5--molecular sieve column. Argon (Ar) was used as the carrier gas, which gives the TCD a high sensitivity to and He, and a poor sensitivity to . The purity of all gases used was 5N.
The membrane module was placed in a stainless steel holder [33] , which was installed in a temperature-controlled oven to ensure isothermal operation. The feed and the sweep gas were preheated in spirals placed in the same oven. The feed flow was varied between 300 and 1000 ml/min and the molar fraction was varied from 0.1 to 0.9 mol/mol, while the sweep gas flow was kept constant at 300 ml/min. The experimental set-up was controlled by a PLC. A PC with Labview handled the data-acquisition at 100 Hz. The setup was running fully automatically for 24 h/day, and could handle 100 recipes without user intervention. For each recipe, 4 samples per hour were taken of the permeate and analyzed by GC.
B. Hydrogen Separation of the Membrane 1) Separation Flux:
The hydrogen flow rate through the 500 nm Pd-Ag membrane versus the duration of the experiment is given in Fig. 6 . The flux is defined as the molecular hydrogen flow through the membrane divided by the free Pd-Ag area (mole ). At a membrane temperature of 450 and a hydrogen partial pressure of 83 kPa at the retentate side, a hydrogen flux of ca. 4 was measured. This flux measuring for 120 h, the retentate flow rate was increased from 600 to 900 ml/min, corresponding with an increase in the hydrogen separation flux from ca.
4-4.2 mol H =m 1 s.
is one to two orders of magnitude higher than that through conventional membranes, and compares very well to that of other microfabricated membranes (see Table I ). It has been reported that significant discrepancies exist in literature on hydrogen permeation through thin Pd/Ag membranes prepared by different methods [17] . These discrepancies could not be explained by the differences in membrane thickness, composition, or preparation methods [17] , [40] . We attribute the high fluxes obtained for the present membrane to the fact that in our work a uniformly thin (500 nm) and Pd-Ag alloy membrane with high compositional control was achieved [33] , which, and this is considered to be crucial, to the fact that the alloy membranes are manufactured on a partially open structure, leaving only the Pd-Ag membrane as a resistance for mass transfer. The latter will be discussed in more detail below.
It is known that the mass transfer resistance associated with viscous flow (Hagen-Poiseuille type) or diffusion through a porous support is very significant in a composite membrane [17] . The viscous flow with flux through a porous support may be calculated as [41] : (5) where the driving force is , is the porosity, is the tortuosity, is the average pore diameter, is the thickness of the porous medium, and is the viscosity of the gases, the mean pressure with and the pressure at the inlet and outlet of the porous support, respectively. Applying (5), Ward and Dao estimated that to have a viscous flow of at 300 through a 1-mm thick porous support with a porosity of 50%, a tortuosity of 3, and average pore diameter of 5 would require a pressure drop of approximately 0.4 bar over the support, assuming and no other mass transfer resistance [17] . Apparently, the presence of the porous supports in the conventional membrane construction significantly reduces the driving force across the Pd layer, thus restricting the separation flux. For our membrane construction (Figs. 1 and 3 ) and other microfabricated membranes [30] [31] [32] [33] , the same flow would have to travel through a thinner support (0.4 mm thick in our case) with much larger pores (600 in the present membrane design, neglecting the flow resistance of the holes in the SiN, which are only 5 wide and 1.2 deep [see Fig. 3(b) ] to access the Pd-Ag surface, thus requiring a much smaller pressure drop. Computer simulations (using flow solver CFX4.2) gave a pressure drop from the inlet to the membrane surface of less than 5% of the total pressure difference, for a membrane with micromachined support structures of 28 [42] . As a result, our membrane should allow a higher separation flux. Fig. 6 shows that the flux is stable within ca. 10%, with a slow increase from ca. 3.6 to 4 over the first 50 hours before becoming stable within 1%. The increase of the flux in the first measuring period may be explained by an increase in Pd grain size, as was proposed by Lin [40] , although in our case the rise in the flux is much less than that observed by Lin. In the measurement, the retentate flow rate was increased about 50% from 600 to 900 after 120 h. This led to only a very small increase in the separation flux, suggesting that the separation flux of about 4 is the maximum attainable value under these conditions. One membrane module was investigated for a relatively long period of ca. 1000 hours, during which the membrane experienced a change in gas type and concentration, as well as temperature cycling between 20-450 . The measured results showed no significant reduction in flux or selectivity, suggesting excellent membrane stability. In the case of direct deposition of metal films on porous supports, strong interactions between metal and support may occur, especially when the top layer of the support has very small pores, which was found to lead to instable performance in terms of both separation flux and selectivity [12] , [16] . In the microfabricated membrane construction (Fig. 2(e) and Fig. 4) , the Pd-Ag film, which is used to separate the hydrogen is free-standing. In the typical range of temperatures in which hydrogen separation is performed (up to 500 ), hardly any diffusion is expected of the metals (Pd, Ag, and Ti) into the support, which is composed of SiN on , materials well known as good diffusion barriers in IC technology.
As hydrogen transport through Pd films occurs via a solution/diffusion mechanism, it is of interest to know which step is rate-limiting in the separation process. Hydrogen transport through the metal films is frequently described by the following empirical equation [8] , [9] , [17] : (6) where is the flux of hydrogen, the permeability, denotes the thickness of the membrane layer, and stand for the hydrogen partial pressure in the retentate and permeate respectively, the hydrogen pressure exponent, which is often used as an indicator for the rate-controlling step of the overall permeation through a metal composite membrane. When diffusion through the bulk metal is the rate-limiting step and hydrogen atoms form an ideal solution in the metal (Sievert's law of the hydrogen solubility dependence), is equal to 0.5. A value of greater than 0.5 may result when surface processes influence the permeation rate or when Sievert's law is not obeyed. It is expected that as the membrane thickness decreases to the submicron range, diffusion of hydrogen atoms becomes extremely fast. In that case, the -value will be close to 1 [7] [8] [9] , [13] [14] [15] [16] [17] [18] .
To determine which step limits the transport rate, experiments were carried out with varying concentration in the feed from 18 to 83 kPa at 450 . In Fig. 7 the measured fluxes are plotted against the difference in hydrogen partial pressure in retentate and permeate, which gives a value of n close to 1 for 500 nm thin Pd-Ag membrane. This -value indicates that surface processes dominate the separation process, which is consistent with common observations for submicron thick Pd-based membranes [7] [8] [9] , [13] [14] [15] [16] [17] [18] . The fact that in our experiments hydrogen transport though the Pd-Ag film is governed by surface reactions may be caused by several reasons:
1) the diffusion of hydrogen atoms through the submicron thick Pd-Ag film may be extremely fast, therefore, its influence on the overall hydrogen transport is very small; 2) the membrane surface was possibly polluted during the fabrication process or during measurement; 3) Pd and Ag from the Pd-Ag film segregate to the two sides of the membrane, adding an extra resistance to the surface processes [43] . To investigate the hypothesis that the membrane was contaminated during processing, several membranes were checked by XPS or Energy dispersive X-ray (EDX) before bonding them between the glass substrates, but there was no indication of contamination on the Pd-Ag film surface. However, we could not check the membrane state after the bonding step due to the coverage by the glass substrates, so it remains unknown whether contamination may arises from the anodic bonding process. Since bonding was carried out in vacuum, such contamination is not expected. It is possible that the membrane became polluted with carbon, introduced from the graphite sealing, a possibility reported by Lin [40] . Other sources of carbon may be from ambient air [44] , [45] . For instance, Hughes et al. fabricated Pd-Ag alloy films for MIS gas sensors and found from their sputtered Auger profiling that the surface of the deposited films was always contaminated by at least carbon, which was presumed to originate from the ambient air [44] , [45] .
Currently, experiments are performed to investigate the influence of CO, or steam on membrane performance. We believe that a better understanding of the membrane properties will help us to fabricate membranes with a lower surface resistance, leading to even higher hydrogen separation fluxes.
2) Membrane Selectivity: Possible membrane leaks during the permeation experiment can be detected by measuring the He concentration at the permeate side. However, no He was found during the experiments. Therefore, in order to calculate a minimum selectivity of over He, the detection limit of the gas chromatograph for He is used as the maximum He concentration. In this way, a minimal separation factor of 1500 for to He is calculated. This high selectivity indicates that the microfabricated membrane is most likely defect-free. We believe that depositing the Pd-Ag separation layer on a very smooth and clean layer and preparing the membrane in a clean room environment were the key parameters to get to this result. This is consistent with other reports, e.g., Vos and Verweij claimed that the use of a clean room reduced the average concentration of particles of 0.5 from 18 in normal laboratory air to less than 100 in a class 100 clean room, where our membranes are prepared [46] . Without clean-room conditions, the number of defects caused by particles from the air was estimated to be at least five defects with a diameter over 0.5 of membrane surface. This number dropped to far below 1 when clean room conditions were applied.
IV. MEMBRANE UTILIZATION
Although the thickness of the Pd-Ag membrane has been reduced to submicron thickness, the membrane costs are probably still high in comparison to that of composite membranes [46] , because our membrane has to be produced in a clean room environment using special techniques. The estimated costs to make membranes in a 6-inch silicon wafer are summarized in Table II . The main retail costs seem to be clean-room expenses as well as silicon and glass substrates, and not the Pd film as is the case for conventional membranes [47] . However, following the general trends in semiconductor technology, we expect that the total membrane costs will be significantly reduced when membranes can be batch-produced.
Considering the high hydrogen separation flux as well as high selectivity, the present membrane is suited for small-scale purification units that supply high-quality hydrogen for applications like fuel-cells, semiconductor materials processing, or [6] , [48] , [49] . For example, several manufacturers have proposed fuel cell power systems to produce 1 kW of electricity for residential use [19] , [50] . Production of 1 kW of electricity would require approximately 600 standard litters per hour (SLPH) of high purity hydrogen. This amount of hydrogen can be purified by using a Pd-Ag membrane made on a 6-inch silicon wafer with a feasible membrane porosity of 20%.
The present technology would allow the construction of an extended module, in which larger and possibly thicker glass plates are used to house a number of membrane wafers. This larger module can be operated in a parallel mode, using the principle of "numbering-up" [29] instead of scaling-up to increase hydrogen throughput. The proposed unit may find an application in a on-site hydrogen production, where small, natural gasbased reformers, being developed for distributed fuel cell power system, could potentially be used to generate hydrogen-rich reformate streams [51] . Purification is an essential step to remove impurities in the reformate that may poison the storage unit or fuel cell [51] . The numbering-up principle has certain advantages over conventional scale-up. Conventional scale-up entails going from laboratory scale to a single large unit through a series of costly laboratory experiments, simulations, and pilot plan testing [52] . While, because of each microfabricated membrane would behave exactly alike, individually and in replicated units, numbering-up would be considerably shorter and less expensive, allowing for faster transfer time to the market. We think that in certain applications these advantages may override the economies of conventional large plants.
The fabricated membrane may be used as a membrane reactor for dehydrogenation reactions to synthesize high value products [53] , [54] , although the applicability may be limited as hydrogenation reactions are normally carried out at rather high pressures of tens of bars. Nevertheless, the membrane design [see (2)-(4)] can be changed to obtain stronger membranes. Furthermore, the present technology can be used to fabricate other kinds of thin but strong and defect-free membranes [55] to set up new applications. For example, by using the SiN microsieve as a supporting structure, we have made an ultra thin (10 nm) but strong SiN membrane for a nanosieve [56] . Alternatively, thin and defect-free Ag-based membranes may be fabricated and applied in oxygen separation [57] .
V. CONCLUSION
Thin but strong Pd-Ag alloy membranes were fabricated with microfabrication technology and tested. Pd-Ag films were sputtered onto a planar support (a microsieve) and released later, creating defect free, submicron thick Pd-Ag films. The fabrication method also led to a robust membrane module, which is important for practical use. The microfabricated membranes achieved permeation rates of over 4 and a selectivity of more than 1500, with a high long-term stability.
The utilization of the reported membranes at different scales were presented and discussed. The present technology seems to be suitable for fabricating small-scale membrane units for hydrogen purification from gas mixtures. Also, the present membrane may be used as membrane reactors for hydrogenation/ dehydrogenation. The present technology may be used to fabricate other kinds of thin but strong and defect-free membranes to set up new applications.
